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FOREWORD

The "High Power Microwave Tube Reliability Study" under

Contract F30602-14-C-0229 was conducted by the Engineering

Experiment Station (EES) at Georgia Tech in conjunction with the

School of Industrial and Systems Engineering (ISyE). The

program wacj administered under Georgia Tech Prcject A-1532 by

the Systems Engineering Division within the Applied Engineering

Laboratory, Engineering Experiment Station. The program was

under the direction of Mr. R. P. Zimmer, and under the general

supervision of Dr. H. A. Ecker, Director of the Applied

Engineering Laboratory.

This effort was sponsored jointly by the Federal Aviation
/

Administration and the Air Force. The program was directly

administered by the Techniques Branch of the Rome Air Develop-

ment Center and responded to the guideline of the Reliability

Branch which has the responsibility for updating the M]L-HDBK-?17B.

Mr. Patsy A. Romanelli was the Air Force Program Manager and

worked in conjunction with Mr. John F. Carroll and Mr. Les J.

Gubbins of RADC and Fred Sakate, Reliability Engineering Branch,

Federal Aviation Administration.
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EVALUATION

The purpose of this program has been to develop a mathematical model

from which tube reliablity can be determined. Failure of any tubc that

will result in the loan of system performance is costly. Therefore, consi-

deration of tube reliability which can be predicted with confidence is neces-

sary so that the system incorporating, the tube can be properly desined to

achieve its performance objectives. The prediction of reliability recuires

the use of a mathematical model that will reflect tube performance under various

conditions of operation.

PATSY A. ROAELLI I*
Project FnPineer
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I. INTRODUCTION

Microwave tubes are major components of many communications systems,

ECM systems, and most modern radar systems and a tube failure results, at

least, in a partial system failure. Failures in systems are costly, and may

degrade the capabilities of the user in such-areas as military defense, air

traffic safety, and hazardous weather warnings. Hence, a high degree of

system relability is necessary for both mission accomplishment and reason-

able operating costs over the life of the system. *With reliability data

on tubes as well as other components of the system, the system may be de-

signed to meet its cost-performance objectives, including )ufficient back-

up systems for continuous operation, estimates of operating costs,and the

maintenance schedule. Also, inventory requirements for spare parts and

purchase order sizes may be estimated using reliability data. To

address the above needs for reliability information on high power tubes,

this study had two main objectives.

The first objective was to assemble all available data relating to the

reliability of microwave tubes of more than 100 watts peak power. These

data were then to be analyzed to obtain estimates of tube failure rates

thereby resulting in a data base that could be easily manipulated for add-

itional data analysis. The second objective was to develop models describing

tube reliability based on the data collected and analyzed. In addressing this

objective, models of tube failure rates were developed for both individual

tube types and general classes of tubes. The general tube classes included

the klystron, TWT, magnetron, twystron, crossed field amplifier, amplitron,

and gridded (triode and tetrode).
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Reliability information of the above type is included in MIL-HDBK-217B,

"Reliability Prediction of Electronic Equipment," which is in the process of

being updated. This Handbook provides a common basis for predicting and

comparing predictions on military contracts and proposals. Thus, one of the

underlying goals of this study was to develop themodelsin a form suitable

for incorporation into MIL-HDBK-217B. This goal provided guidelines in

carrying out the various tasks as well as in establishing the format of the

results.

The approach utilized in this study consisted of carrying out the

following tasks outlined below.

1. Selection of tubes for study

Inventory type tubes were selected which fit the power and

frequency criteria, with a few exceptions.

2. Data collection on the selected tubes

A search was made using various contacts available to Georgia

Tech for all possible sources of microwave tube reliability

data.

3. Data Analysis

All data collected were analyzed to determine the reliability

and failure mechanisms of the selected tubes

4. Model Development

The reliablity and failure mechanism distribution of each tube

wIthin each general tube class were correlated with the tube

operating parameters.

5. Cost-Reliability Analysis

Cost, reliability and projected demand were used to identify

tubes needing reliability improvement.

2



With the above approach, the models developed can also be useful in

determining potential research areas for reliability improvemrent, system

maintenance requirements, and user operational requirement in addition to

the application of MIL-HDBK-217B toward proposals and contracts. Each of

the above tasks has been accomplished, and are described in detail in the

following sections.

3



II. TUBE SELECTION CRITERIA

A. Tube Types

Since the objectives of the program were to establish failure rates for

iicrowave tubes and to construct models for predicting reliability, it was

desirable to include as many different types of tubes as possible that are

in common use. At the outset of the program, it was hypothesized that rela-

tionships exist between tube reliability and operating parameters such as

power and frequency and further, that the general tube structure also influ-

ences reliability. Consequently, it was desired to collect data representing

as many different general classes of tube structure as possible. The tube

classes included in the data base were klystrons, twystrons, travelling

wave tubes, magnetrons, crossed field amplifiers, amplitrons, and gridded

tubes (triodes, tetrodes, etc.) Within each class, all tube types for which

data could be obtained were considered for inclusion.

Since tube reliability depends on a number of factors, emphasis was

placed on not only including cube structure and operating parameters as

factors in the models but also environment and aplication.

Initially, the tubes to be included in the data base were selected

on the basis of power, frequency and available data.

B. Power Level

An objective of the study was to determine the reliability of high cost

tubes. Since the Department of Defense (DoD) and the Federal Aviation Admini-

stration (FAA) were searching for ways to reduce spending on tubes. By

identifying tubes with high cost and poor reliability, additional efforts

(if determined to be cost-effective) could be dedicated toward reducing

the cost or improving the reliability of identified tubes.

4



High power tubes are typically high cost (above $10,000) for several

reasons. A large capital investment, dedicated equipment, and highly

qualified personnel are required for the design and manufacture of high power

microwave tubes. Often special designs are used to achieve specifications

unique to a particular application. Further, production of relatively small-

volume orders also tend to keep the cost of microwave tubes at a higher level

than lower power tubes. Also, because of the periodic demand for tubes,

often some degree of re-tooling is necessary even to replenish a supply o

tubes.

In general tubes with a kilowatt of peak or average power were desired

for inclusion in the study; however, certain exceptions were made to the mini-

mum power selection criterion. Reliability data on tubes of lower power

were collected and analyzed giving a larger data base and, therefore, more

confidence in the validity of the models developed.

C. Frequency Range

The frequency range of the tubes to be included in the data base was

limited to the microwave range. Generally, tubes in S through K band wereU

desired for inclusion in the data base; however many of the high power tubes

for which reliability data were available were designed for use in L band

(including the lower portion of the L band near 400 MHz).

* As the available data were gathered it was discovered that little use-

ful quantitative data for tubes in the K band existed. For this reason the

upper bound on the frequency of tubes included in the studywas in the K a

band.

5

J



D. Availability

Inventory type tubes were desired for inclusion in the data base as

opposed to R & D type tubes. The assumption was made that R & D tubes are

manufactured under highly controlled conditions in small quantities and

that the field operation of R & D tubes is also under more control than a

tube which is no loner in the R & D stage. The above assumption leads to

the conclusion that the observed reliability of the R & D tubes is influenced

by the highly con-rolled manufacturisng and operation. The phrase "inventory

type tube," therefore, refers to tubes which have completed the R & D

phase (i.e. initial introduction in the field) and not necessarily an off-the-

shelf item.

E. Environment

The envirormeont in which a tube operated in general affects reliability.

Microwave tubes typically employed in the following environments:

1. Ground based systems

a. Fixed installations

b. P obile installations

2. Sea going systems

3. Airborne systems

4. Spacecraft systems

Reliability varies with environment because certain limitations are

placed on systems due to size and weight constraints. Size and/or weight

limitations are placed, to different degrees, on all systems except

j fixed ground based instLllations. Mobile ground based and seagoing systems

have minimum restrictions, spacecraft systems the maximum and airborne system

Y
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restrictionts typically lie between the two. The size and weight constrain's

limit the amount of protective and monitoring equipment that can be incor-

porated into a system even if cost were noc a factor. In addition, all

of the tubes in systems other than the fixL. systems are subject to various

degrees of vibration which tend to fatigue the components of the tubes.

Reliability data were analyzed for tubes in all of the above environments

except those used by spacecraft systems since these tubes typically are low

power and did meet the minimum power criterion of the program.

F. Application

Microwave tubes are used in several applications. The applications

considered in the study were (1) radar, (2) communications, and (3) ECM. It

was assumed that most tubes types would be found in these three applications.

Data on tubea used in linear accelerator applications were available and

utilized in the study. Other applicati3ns such as laboratory research were

not considered to fall within the scope of the program.

G. Selected Tubes

Data were solicited from the Air Force, Army, Navy, FAA, and various

power tube and system manufacturers. Excellent cooperation was received

from all of these sources and their assistance in providing data is gratefully

acknowledged. For a variety of reasons, the data from the Air Force were

significantly more useful for analysis and modeling purposes than the data

*from other sources. More data were available from the Air Force than from

other sources. As a result, the data are principally from land based radar

and communications systems. Other data are from airborne and sea--going

environments and ECM applications. From this data base, tubes were selected

7



that satisfied the selection criteria described above with limited modifica-

tions required to increase the number of tubes to be analyzed. Over seventy

tube types were included in the analysis and modeling and are listed in

Table II.

8
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III. DATA COLLECTION

j To establish as wide a data base as possible for the study, data on a

variety of high power microwave tubes were solicited from a variety of sources.

These sources included the Air Force, Navy, Army, the Federal Aviation Admini-

stration (FAA) and most tube and system manufacturers.

The Air Force has a well-established, well-defined field failure reporting

system for tubes used in land based systems. A tube status reporting system

exists for these same systems. The status reporting system contains the time

accumulated on individual tubes in the field. A description of these report-

ing systems are contained in Technical Order TO-00-20-8 ("Inspection System,

Documentation, and Reporting for Ground Communications-Electronics-Meteorolo-

gical (CEM) Equipment" [1]). Because of the detail contained in this system,

a reasonable estimate of the failure mode for each reported tube failure can

be made. This reporting system is managed by Sacramento Air Logistics

Center, Material Management Directorate, Item Management Division, Reliability

Branch (SM-ALC/MMIRM) and the Engineering Division, Material Analysis Branch

(SM-ALC-MMEAM) at McClellan AFB, California which provided excellent coopera-

tion in both supplying data and explanation of questions which arose concerning

the data. The data pertains principally to tubes used in ground based radar

and communicati)n, system inntallations at Air Force bases throughout the

world. A seco'id Air Force failure reporting system is maintained by Warner

*Robins Air Logistics Center at: Robins AFB, Georgia. The reporting system

at Robins was established to determine current demand rates for equipment used

in aircraft. The demand rates observed over a two year period are used to

predict future demand rates. The demand rates are reported in failures per

100 flight hours only for recoverable (repairable) equipment. The deter-

mination of whether an item is repairable is based on the cost of the
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item. Thereiore, most of 'he tubes in the reporting system are those used

in ECM systems. The cost of most of the tubes in the airborne radar systems

are below the cutoff defined by item management for recoverable equipment,

and therefore, most radar tubes are not in the reporting system. Personnel

at Robins AFB were very helpful with the data gathering effort.

Based on discussions with personnel at the Naval Ship Engineering Center,

Norfolk Division, data from the 3-M system (Maintenance Material Management)

were obtained for the SPS-48 system. These data covered a period from January

1970 to December 1974 and included replacement of all parts, not just microwave

tubes. Some additional data were provided that indicated the number of operating

hours for these systems. The Naval Weapons Support Center at Crane. Indiana

supplied data on the CFA, TWT and switch tube used in the AGEIS system. These

data were useful in determining the effects of a sea-going environment on tube

life.

Data obtained from manufacturers were in general of only limited usefulness

for several reasons. The cost of extended life testing of high power tubes is

very high due to the investment required for the test setup and to the high

cost of the tubes themselves. Since the manufacturers are not required nor

paid to do this type of testing, the amount of available life test data were

minimal. In addition, these tests may or may not reflect the operating conditions

encountered in field use of the tube, therefore, the life of a tube observed

in a life test is not the same as thet experienced in field use. Manufacturers

do perform compliance testing on a sampling of tubes using statistical quality

control techniques. These tests are performed to insure that the requirements

of the applicable Military Standard are being met. However, these tests usually

are of limited duration or consist of repeated on/off cycling of the tube.

An example of thest. type of data is shown in Table II-I. Table Ill-I indicates
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that generally only a limited number of tubes were tested, the test

timcs are relatively short compared to the expected life of the tubes, and

very few or no failures were reported.

Some field failure data were available from RCA on several gridded tubes

and klystrons. One of these (the 7835) was also included in the McClellan AFB

data base. Raytheon provided field failure data on a twystron and TWT used

in the SAFEGUARD syste-am. Thesc data included both failed and unfailed

(censored) tube reports with indication of cause of failure. These data were

analyzed to determine the estimate of mean life, taking into account the

censored data.

Of the data supplied by the military, the FAA, and the manufacturers,

the data obtained from the Air Force were the most useful for the purposes

of analysis and modeling. Data obtained from the Navy and several tube and

systea manufacturers were utilized to a lesser extent in modeling tube

reliability.

The field failure reporting system used by the Air Force as described in

TO-00-20-8 is useful for analysis and modeling because of the information

reported on each tube failure. For each reported tube failure, the following

data are supplied by the site personnel:

Tube type

Tube serial number

Equipment serial number in which the tube was installed

Squadron

The channel and socket in which each tube was installed

Date on which the tube was installed

Date on which the tube was removed

14



Number oi filament hours

Number of hours below 90% power

A failure symptom code

A reject code

An environment code

A corrective action code

The number of months the tube was on the shelf before being installed

Tube manufacturer

In addition, the site personnel can provide any narrative comments needed to

further explain the circumstances under which the tube failed or any of

their observations. An example of the reporting form is shown in Figure III-1

When this report is processed at SM-ALC, an additional failure code, the

Tentative Technician code is assigned based on information conta-neJ in

the field failure report including the narrative comment. This code is an

attempt to identify the actual cause of failure rather than any effects which

might be identified by the symptom, reject, or environment codes. If the

tube is covered by a repair contract, the tube is then shipped to the repair

contractor for disposition. The repair contractor then submits a report in-

dicating their opinion as to the cause of failure. Based on this report and

the data from the field personnel, a Final Technician Code is assigned by

personnel at SM-ALC. The Final Technicial Code was not available in most of

the data from McClellan because this code has only been assigned to recent

failures. All of the information from the field personnel (excluding the

narrative comment) and the Tentative and Final Technician (when assigned)

Codes are contained in the Tube Failure Report produced quarterly by SM-ALC

for each tube in the reporting system.

Iif



CO- - --. ~ .1'~-2 9' - 4m

0.

m L

> .4c , 'l4-
%Ob0z 4.5 2

2 4
X7Id.

- .0 -

-S-

I- f c so

0z 2

g o 
- ..

C.)

ct42 0 
)

19 <

44 - .t L.

z~ U,0

%n 04

'.1.16



The reports from SM-ALC were the primary source of data for the analvsts

performed. SM-ALC also produces several other reports such as the Failure

Analysis Report which is described in detail in TO-00-20-8. Printouts of all

Tube Failure Reports and Tube Status Reports in the McClellan AFB data base

were provided by SM-ALC. The failure and status reports contained all data

through December 1974. These reports covered different periods for different

tubes depending on the year a particular tube type was introduced into service.

For some tubes, the failure reports extended as far back as 1963 while others

covered the period from 1969. There was also a large variation in the number

of failures reported for each tube. The variation in the number of reported

failures is attributable to factors such as the number of systems in service

using that tube, the amount of time the systems were in service, and the mean

life of the tube. Some tubes had as few as four reported failures while others

had in excess of 1000 failures, with the largest number being approximately 3100.

Many failures occuring before 1972 have not been assigned a Tentative

Technician failure code. Based on discussions with several tube manufacturers

and SM-ALC personnel, it was decided that the Tentative Technician code was the

most accurate of the codes available (recall the Final Technician code was

generally unavailable) as an indication of failure causes rather than failure

effects. Thus, before the pre-1972 data could be included in the Georgia Tech

data base, a Tentative Technicial code had to be assigned to each failure where

it was missing. This was assigned after examination of all data available cn

the Tube Failure Report. using best engineering estimates of the most probable

cause of failure. The cause of failure cannot be positively identified for all

of the reported failures. The failure modes reported in the data have been

interpreted as the removal criterion for reasons !iscussed later in this report.
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The Georgia Tech data base for the analysis consisted principally of

data derive- directly from the Air Force Tube Failure and OaLus Reports. For

each failure, the following data were entered:

Tube type

Squadron number

Radiate hours at time of failure

Shelf time (in months) before installation

Georgia Tech failure code

Number of repair cycles

The three digit Georgia Tech failure code corresponds approximately to

the two letter Tentative Technician Failure Code made by SM-ALC. For the

tube status and failure reports through 31 December 1974, there were a total

of approximately 12,000 failures and installations reported for the fourty-nine

tube types being analyzed. The number of failures and installations per tube

type ranged from a low of four to a high of 3200.

Data from the other sources were also added to the data base. Some of

these additional data contained individual failure times and modes which could

be entered into the data base with the same format as the data from McClellan.

The remainder of the data contained only the observed failure rate for specific

tube types. These latter data were not used in the data analysis but were com-

bined with the results of the data analysis and used to develop the reliability

models.

Several different computer programs were utilized in the analysis of

these data. The first allows the analyst to select from the data base all

failures in a particular squadron, all failures with a particular amount of

shelf life, or all failures with a particular three digit failure code. Thus

if the analyst wants to examine the effect of shelf time in excess of 60 months

18



but less than 72 months on the mean life of the tube due to gassy removal

Nil criteria, he can select only those failures 
with shelf time between 60 and 72

months which have a 130 series (130-139) failure code. This flexibility and

rapid selection capability proved to be invaluable for analyzing 
tubes with a

large number of failure reports. A second comnuter program was developed to

perform hazard analysis of the data. A third program combined the first two

allowing automatic data analysis of all tubes in the data 
base. The third

program, based on a run-time defined criterion, would 
select various sub-popu-

lations (including the total population) from the data 
for each individual

tube type and perform hazard analyses on each sub-population 
selected. The

sub-populations were based on the reported failure 
mode. The nature of the

above programs are discussed in more detail in Section 
IV-B.

The structure selected for two of the models to be developed during 
the

study included the failure rate of tubes failing for each of several failure

modes and the frequency of occurrence (importance) of the respective failure

modes. Therefore, it was necessary to collect and analyze data containing 
an

indication of the failure mode and radiant hours for each failed 
tube.

One agpect of analyzing the reliability of microwave tubes 
is the assign-

ment of a failure mode to each tube failure. Determination of failure modes

was necessary to assess the importance of each failure mode to overall tube

reliability. Identification of critical failure modes can lead to product

improvement and extended lifetime, thus reducing costs.

An important point in the analysis of tube reliability is the effect

of the system on tube reliability. A failure or malfunction in the system

can cause catastrophic failure of the tube. Thus, some effort was made to
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distinguish between tube attributable and system attributable failures. It

proved impossible and undesirable to make this an exact process because of the

complex interactions between the tube and system, and the tube failure reports

often indicated failure effects rather than causes. Thus, a chain reaction of

failures which could occur in a tube sometimes results in only the laot or

most obvious failure mode being reported. Since many problems can be either

a cause or an effect it would be necessary to have as much information as

possible about the conditions surrounding the failure, Often this informa-

tion was not available because it was not recorded at the time of failure.

Consequently, assessment of failures only resulted in an estimate of the re-

sultant removal criterion rather than an exact assessment of failure mode.

Different organizations use different methods of designating the failure

mode of a tube, it was necessary to design a system which would be compatible

with the data from the military services, the FAA, and the manufacturers. The

primary differences in the failure code systems, other than using different

letters or numbers to represent the same failure mode, is the degree of detail.

Some systems give only a very general description of the reason the tube failed,

while others are very detailed. One system, for example, might just indicate

that there was an internal short while another would indicate the specific parts

of the tube that were shorted. To accomodate the variety of detail present in

the data, a three level, three digit failure mode coding system was devised.

The first digit indicates if the failure is considered tube attributable (1),

system attributable (2), or undetermined (3). The second digit is used to in-

I dicate subcategories of tube or system attributable failures. There are seven

subcategories of tube attributable failure modes and seven of syst.em attributable

failure modes. Within each of these subcategories, specific fal)ure modes are

20
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identified. A listing of all failure mode codes is given in Table 111-2.

An additional code not shown in the table is 000 indicating an installed and

operating tube or a spare tube.

During the data collection and analysis nhase of the project, discussions

were held with various personnel involved with the failure reporting systems.

Based on these discussions, the failure mLles in the data and, therefore, in

the models should be interpreted as the removal criteria resulting from an

unidentified failure or malfunction either in the tube sr system. The removal

criterion given in the data and models is the reason the tube was removed from

the system ar- the reason the tube cannot be returned to service. 'For exa .ple,

if a power supply surge caused the tube's filament to melt, then the melted

filament removal criterion, obviously, aoes not necessarily indicate a tube

related failure cause; consequently, it does not necessarily indicate any

specific failure cause because a failure or malfunction at some point in the

system (including the tube) may place in motion a chain of events causing

damage to some other ccomponent (possibly the tube), which probably would .lot

have failed at that time under other circumstances. The models presented in

Section VI of this report indicate the field experience with system (including

the tube) failures or malfutnctions resulting apparentl, in a damaged tube.

The failure rates used to develop the models were based on the radiant hour,

accumulated on individual tun-es when removed from a s/stem. E-ch removal was

assumed a failure regardless of the actual cause. Therefore, the failure rates

presented in this report may, in general, be interpreced as removal rates.

2
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TABLE 111-2
FAILURE CODES FOR TUBE ATTRIBUTABLE FAILURES

Filament Failure 110
Heater Short ill
Shorted Heater to Other 112

Element
Open Filament 116

Low Emission 120

Low Power Output 121
Sublimation 122
Failed Minimum Gain Check 123
Poor Spectrum 124
Low Anode Current 125
Failed Noise Figure Check 126
Cathode Depletion 127

Gassy/Loss of Vacuum 130
Cathode Bushing Leak 131
Misc. Weld/Braze Letks 132
Slightly Gassy (10 To5r) 133
High Gas Pressure (>10 134

Torr)/High Ion Pump
Current

Metal/Ceramic Leak 136
Bell Housing Leak 137

Window Failures 140
Window Leak/Corrosion 143

Tuning Mechanism/Mechanical 150
Failure

Tuner Failure (Tracking Rate) 151
Mechanical Wearout 152
Leaks in Tuner Vanes 153
Excessive Tuner Torque 155

Focus Coil/Body Short 172
Improper Focus Coil Alignment 173
Focus Coil Defective or Open 174

Coolant leak on or within 197
tube

Undetermined 366
Handling/Packaging 368

22
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TABLE 111-2 (continued)

FAILURE CODES FOR SYSTEM ATTRIBUTABLE FAILURES

Oil System Failures 210
Punctured Cathode Bushing 213
Pulse Transformer Failures 215

Punctured Heater Seal 235

Window Arcing 241
Multipactoring 242
Window Damaged/Burned 244
Window Cracked 245

Tube Casualty 260
Radiation Damage 261
Tube Frozen 262
Internal Arcing 263
Internal Short 264
Elements Warped 265
Power Associated Failure 267
RF Drive Improper 268

Magnetic System Failures 270
Magnetic Distortion 271
Collector to Body Short 275

Waveguide System Failures 280
Waveguide Arcing 281

Arcing in External Cavities 282
Improper Output Coupling 283
High VSWR 284
Pressure Regulation/

Hydrator Failure 285

Cooling System Failures 290
Coolant Leak 291
Clogged Passages 292
Restricted Airflow 293
Heat Exchanger 294

Low Pressure Interlock 295
Failures

High Temperature Interlock 296

Failure
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IV. DATA ANALYSIS METHODOLOGY

A. General Reliability Considerations

1. Definitions and Concepts of Reliability

The reliability of a tube is defined as the probability it will perform

its intended functions for a stated period of time. According to this definition

the reliability of a tube may be shown as the probability of survival plotted

as a monotonic decreasing function of hours of use. Figure IV-I illustrates

this relationship. Hours of use could be interpreted as either radiant hours

or filament hours (radiant plus stand-by hours). Careful consideration was given

to both interpretations early in the study and discussions were held with Air

Force personnel concerning which would be the more appropriate time measurement

to use in the analytical models. The concensus of opinion was that radiant

times would be more suitable both because of the nature of the available data

and the anticipated use of the models.

R(t)

ieliabiity

Time t

Figure IV-1 Example Reliability Function
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A key parameter associated with the probability of survival is the mean

time to failure (MTTF) or mean life. The reciprocal of this meau life is

usually called the failure rate. If the distribution of failure times is

exponential this mean life, or failure rate, is an accurate measure of tube

reliability because the failure rate is constant over time for this distribu-

tion. For the exponentail failure distribution the mean life is the time at

which 63.2 percent of the tubes will have failed. MIL-HDBK-217B expresses

reliability in terms of the failure rate and therefore emphasis in this study

was placed on assessLng the tube failure data in terms of the failure rate.

If the failure distribution is something other than exponential the failure

rate will be changing over time and its interpretation becomes more diffieult.

This situation occurs most frequently when tube wearout becomes a factor. The

time at which wearout occurs varies among the tube types considered in this

study. In Figure IV-2 the plot of failure rate versus operating hours illust-

rates this point. The initial (decreasing failure rate) period is usually

AM(t)

Infant
Mortai fty Wearout
Pt-rod Period

Operating

Failured

Rate

Time t

2Figure IV-2 Tube Life Cycle
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called the infant mortality period. During this period failures generally are

of a quality control nature. Such early failures should be screened out from

the data if a good measure -)f tube reliability is to be determined. No

satisfactory method exists for dealing with reliability measures which include

these "early failures". It should also be pointed out that instances of decreas-

ing failure rate may be caused by mixed populations of tubes containing different

failure rates. This situation may occur for tubes for which reliability growth

is a factor and tubes made during different time periods.

The middle portion of the curve is a period with a relatively constant

failure rate. This is the period when the exponential distribution is most

likely to apply. Failures du:ring this time period occur at relatively random

intervals and are due to factors which can neither be attributed to wearout nor

to quality problems. The failure zates for most tubes studied in this project

were found to be approximately constant over this time pericd. This portion

of the time period is considered to be the "operating period".

The third portion of the curve has an increasing failure rate due to age

or wearout problems. Along with the infant mortality failures, failures

attributable to wearout should be eliminated before a tube failure rate is

detenmined. If tubes are to be described by their failure rate or mean life,

the center or operating portion of the overall tube life patrern is the only

portion that should be considered.

During the course of the study operational and wearout failures were

janalyzed with a ser of computer programs. Points at which wearout failures

occurred were- identified and the data were again evaluated using the computer

programs which separate the datea rto the3e two (operating and wearout) portions.

Separate failure civtributions were obtained for each portion of the data.

Details of these procedures will follow.

26
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2. Exponential Failure Distribution

If the mean life is relatively constant over time the appropriate

distribution is the exponential. This distribution is of the form

f(t) = (1/6)e - t/ = Xe- 't , for t > 0 (IV-l)

where f(t) = the probability of tube failure at time t

0 - meantinm to failure or mean life

X = failure rate = 1/0

As mentioned previously this distribution is usually appropriate for

modeling the failure distribution for the operating portion of the failure rate

curve.

3. Weibull Failure Distribution

In cases where the failure rate was not constant the Weibull distribu-

tion was used in this study. This distribution is more general than the expo-

nential in that it can fit regions of decreasing failure rate (infant mortality),

relatively constant failure rate (operating period), or increasing failure rate

(wearout). The two parameter Weibull was used in all cases. The density func-

tion for this distribution is as follows:

f(t) = )e -t /a )  (IV-2)

where a is the characteristic life or scale parameter and B is the shape

parameter. The value of a is the 63.2 percentile point, i.e., 63.2 percent of

thc. failures in a data set occur before time a. This parameter corresponds

approximately to the mean life of the exponential distribution. For 6 = 1, the

distribution becomes an exponential and a would be the mean life, 0.

4. General Probability Concepts

The density functions, f(t), discussed above define the probability of

failure at time t. The cumulative distribution function, F(t), is used to
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deecribe the probability of failure at any time prior to time t. That is,
t

F(t) f f(x)dx (IV-3)

The reliability function, R(t), is the probability of survival to time t, or

R(t) = 1 - F(t) (IV-4)

As discussed previously, tube reliability may be described by this function

or by the failure rate. The reliability function is a more accurate method for

non-exponential data since for these situations the failure rate is not constant

over time. A graph of the reliability function typically will have the form

showm in Figure IV-1.

5. The Hazard Function

The Hazard function, h(t), is the instantaneous failure rate at time t,

or

h(t) = f(t)/[l - F(t)], t > 0 (IV-5)

As this expression indicates, h(t) is the probability of failure at any time t

divided by the probability of survival at least to that time. It, therefore, is

often treated as the instantaneous failure rate. For the exponential distribu-

tion the hazard function is constant. It is decreasing for infant mortality and

increasing for wearout conditions.

The cumulative hazard H(t) is the integral (f the hazard function up to

'ime t.

H(t) = fh(x)d-. -ln[l - F(t)] (IV-6)

Thus we may write

F(*)= 1 -

or R(t) = 1 - F(t) - e-H(t) (IV-7)

This last expression gives the probability of survival to time t in terms of

the cumulative hazard. Thus, for the cumulative hazard, H - 100% corresponds
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to the cumulative probability value of

F(t) = I - e-  = .632 or 63.2% (IV-8)

This means that the cumulative hazard value of 100% corresponds to the mean life

for an exponential distribution or the characteristic life for the Weibull :and

is in fact the 63.2 percentile point for any failure distribution.

For the exponential distribution recall that

F(t) = I - e- t/6, r > 0 (IV-9)

f(t) = (1/0)e
-t/0' t > 0 (IV-l0)

where 0 is the mean life. The hazard function therefore is

h(t) = f("-)/[! - F(t)] = l/e, t > 0 (IV-If)

which is constant over time. The cumulative hazard is

I.t
H(t) = J (l/6)dx = t/e, t > 0 (IV-12)

From this expression it can be seen that time to failure, L, as a function of

H is

t(1) = 6H

Thus time to failure 1A a linear function of the cumulative hazard and will

plot as a straight line passing through the origin on linear graph paper. The

slope of the line is the mean life and it may be found as the time corresponding

to the value of 1.00 for H.

For the Weibull distribution recall

F(6 - 1 - e-  t > 0 (IV-13)

TM .~t e- W-- t > 0 (IV-14)

The hazard function is thus
h(t) '= (I/cz$'t -1, t > 0 (IV--15)

29
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which is a power function of time t. As previously mentioned, the hazard func-

tion increases with time for 8 > I and decreases for a < 1. For 0 1 it is

constant and is equal to (i). The cumulative hazard isf ~td 13/ ( f t t s.. (Tv-i 6)

H(t) = ($ t > 0 (IV-17)

The time to failure, again expressed as a function of H, is

t(H) = HI /6 (IV-18)

Taking logarithms of the above gives

ln(t) = (1/0) in(H) +ln(c) (IV-19)

Thus t will plot as a straight line function of H on log-log graph paper.

The slope of the line is (1/8) and the value of t for H = 1.00 isc.

B. Analysis Tools/Computer Program

All tube results were put on punched cards to be used for data input. There

were two basic computer programs developed for use on this study. These were

NEWHAZ and NEWMIX. Both of these programs can be used for either complete

failure data or incomplete (censored) data. They are run on an interactive mode

and also produce hard copy plots on a CALCOMP plotter.

The first program sorts the data by failure and censoring time. It then

computes the hosard and the cumulative hazard values for each failure. For tihe

exponential distribution, the cumulative hazard is then plotted against failure

rime using linear coordinates. A least squares straight line fit through the

origin is then determined and this line is plotted over the hazard plot. The

failure time corresponding to a cumulative hazard of 100% is computed from this
least squares fit and printed on the plot as the mean life. The program then

performs a goodness of fit test as discussed in the next paragraph to determine

the appropriateness of the exponential distribution for the data. The program
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computes the natural logarithm of both the cumulative hazard and the failure

times. They are then plotted as a Weibull hazard plot on another graph with

logarithmic coordinates. Once again a straight line least squares fit is

determined and plotted on the graph. The reciprocal of the slope of this line

is computed and the result printed as the value of 0, the Weibull shape para-

meter. The time corresponding to a cumulative hazard of 100% is computed from

the least squares fit and this value is printed on the graph as the ,haracter-

istic life, a. Once again a goodness-of-fit test is made where applicable.

There were two different goodness-of-fit tests available in the program to

test the fit of the hazard data to the exponential distribution. The first was

a Kolmogorov-Smirnov test which was used for data consisting entirely of failed

tubes. That is, no tubes were censored (still operating at the latest reading

time). The Kolmogorov-Smirnov test is not applicable, however, for data con-

taining some tubes which have not failed (censored data) since it deals

necessarily with maximum departure of the observed cummulative distribution from

the theoretical exponential distribution, the entire failure distribution must

be known. Therefore a second goodness-of-fit test was introduced into the pro-

gram which is used when the failure data are incomplete, i.e. contains some

censored tubes. This test is due to Gnedenko, et al. and is found in the.r

text [ 2]. A discussion of the test is also found in the test by Mann, Schafer

and Singpurwalla [ 3].

In the case of the Weibull distribution, as discussed above, the important

question is whether the two parameter or three parameter Weibull distributionIis applicable. The Weibull is only used when the exponential fit has been

rejected. The third Weibull parameter is the location or threshold parameter.
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Assuming it to be zero assumes that tubes can fail at any time after they are

first turned on. Although these assumptions seemed reasonable It was felt that

a test of it was desirable. Such a test was developed by Mann and Fertig [4 1.

This test is also discussed briefly in the test by Mann, Shafer and Singpuwalla.

If the exponential is appropriate for the operating period, the mean life

is approximately equal to the computed characteristic life.

In two cases use of the hazard plotting technique was found to be

inapropriate for determination of mean life. The two cases are as follows:

1. A data set where the number of failed tubes is less than the number of

surviving tubes will result in an abnormally high mean life calculation

using hazard analysis.

2. A data set resulting in a Weibull shape parameter ($) which was not

close to unity for the operating period indicates a non constant mean

life.

For the first case the MTTF was calculated using the lower 60% chi square

confidence limit for failures occuring during the operating period:

2T
MTTF = 2 (IV-20)

X(2r + 2),.6

where T = Total time accumulated on both

failed and surviving tubes

r = Number of failures

X2
(2r + 2),.6 = The 60 percentile point of the chi

square distribution with 2r + 2
degrees of freedom.

3
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For the second cast the TTF was calculated from the Weibull shape para-

meter and characteristic life for the operating period:

MTTF - al(1 + 1/8) 
(IV-21)

where r - The Gamma function

- The Weibull characteristic life

-- The Weibull shape Parameter

3
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4 V RELIABILITY MODELING

A. Introduction

The orientation of MIL-HDBK-217B toward reliability prediction of military

equipment is to provide system designers data which will permit system

reliability prediction. The data which will permit system reliability predic-

tion includes the failure rate for components which comprise a planned system.

Because microwave tubes are components in many systems, it was desired that

the reliability of microwave tubes be modeled to permit failure rate prediction.

Two basic types of models were developed. One type of model developed

permits failure rate prediction and removal criterion prediction for specific

individual tube types. The individual tube type models will enable predictions

provided the tube to be used in a planned system has been modeled. The other

type of model develr-ed will enable failure rate and removal criterion pre-

dictions for general tube classes. The second model was required because the

individual tube type models were not developed for all tubes due to a lack of

data and because new tube types are ikely to be introduced for planned systems.

B. Modeling of Individual Tube Type Reliability

1. Basic Model Structure

Investigation of tube failure mechanisms indicated, that all removal

criteria are independent, meaning that the occurrence of a failure due to one

cause does not influence the probability of occurrence of a failure for any

other cause. Practically, this may be interperted as meaning that each

failure may be attributed to one unique causn. The investigation into tube
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failure mechanisms resulted in the observation that a malfunction may occur in

the tube or system which leads to a tube failure, but regardless of the cause

of a failure the tube failed due to a single (independent) cause.

As a consequence of removal criteria independence, an assumption was made

regarding the actual model. It was that the model is additive. In other words,

the reliability of a tube is equal to the properly weighted sum of the tube

reliability due to each removal criterion. Thus the basic structure of the

model will be of the form,

R(t) = A1R1 (t) + A2R2(t) + . n+ R nn(t)

where

R(t) = Reliability of the tube at time t

= Probability the tube will not fail prior to time t

R.(t) = Probability the tube will not fail due to removal criterion
1 i prior tu time t

Ai = Weighting factor for failure mode i.

A seccnd assumption was that the failure distributions are exponential.

Therefore, the model may be expressed in terms of the failure rate for each

failure mode. This removes the time dependence of the model as it assumes the

failure rate to be constant over the time period of interest. The model

describing failure rate Is,

k A( + + A (t.) kn X(t)

where

(t) = Tube failure rate at time t. (Under the exponential
assumption this is constant for all t)

A = Failure rate for failure mode i at time t, (again constantSfor all t under the exponential assumption)

ki Weighting factor for failure mode i
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2. Modifying Factors

There are several modifying factors which could modify the failure

distrihutions for removal criteria for different tubes. The factors studied in

the research were as follows:

a. Stress Factors

b. Location FacCors

c. Shelf Life Factors

d. Importance Factors

e. Other Factors

a. Stress Factors

Discussions with tube experts during the course of the study and the

previous experience of the project team indicated the possible existence of

multiplicative factors which indicate the effect of a failure mode on tube reliability.

The data on which this study was based did not conclusively indicate such a

pattern. Had the pattern been apparent it would have meant that comon failure

mode distributions could be developed for classes of tubes. Individual

differences resulting from stresses on the tubes could then be accounted for by

the stress factors.

b. Location Factors

Some of the tubes studied were used in several different geographical

areas. The data were analyzed to determine if significant differences in failure

rates could bro discerned due to such geographical location. No such consistent

patterns were found in the data. It should be cautioned again, however, that

all of the data studied in this analysis were for pround based installations,

as these data were the only data containing such multiple location information.
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c. Shelf Life Factors

Data were available to measure trends of shelf life effects on tube life.

It was determined, however, that no such trends existed in the data. Discussions

with the various tube manufacturers and users agree with the results from the

data analysis. That is, if tubes are properly stored, their operating life

should not be significantly reduced.

d. Importance Factors

These factors measure the importance of each removal criterion to the

overall tube failure rate. They have been determined empirically by measuring

the number of failures due to each removal criterion for each tube and

dividing by the total number of failures for that tube being considered. They

are therefore weighting factors which weight the removal criterion as to their

importance to tube life.

e. Other Factors

Other considerations such as the effect of learning and environmental

factors on individual tube relLability were made; however, each of the tubes for

which data were collected generally were all used in the same environment or

had little evidence of reliability change with time (learning effect). There-

fore, none of the individual tube type models contain these factors. The tube

class models, which will be introduced later, do contain these factors because

appropriate combinations of individual tube type data allowed determination of

these factors.
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C. Modeling of Tube Classes

The individual tube type models discussed in Part "A" above are not

sufficient for general reliability predictions of the type in MIL-HDBK-217B.

For this reason two types of reliability models were developed based on the

individual tube type reliability models. The first type may be used to pre-

dict the overall failure rate of a given microwave tube class (klystron, TWT,

etc.) with a given set 9f operating parameters (power, frequency and duty cycle).

The second type may be used to predict the failure rate and probability of

occurrence of removai criterion for a given tube class (klystron, TWT, etc.)

with a given set of operating parameters (power, frequency and duty cycle).

The application of these two models to a particular tube results in a predicted

base failure rate which must be modified by appropriate environmental and

learning factors. These factors are published in MIL-HDBK-217B for microwave

tubes. After extensive data analysis some of these factors have been modified

and are listed herein.

1. Basic Model Structure

The overall failure rate model must provide a reliability prediction method

based on tube operating parameters and appropriate modifying factors. The

model structure for overall failure rate prediction for a given tube class is,

Xp(Ps) F lLIEX(Pj) (V-l)

where

X (P ) = Predicted Overall Tube Failure Rate

HL = Learning Factor

11E = Environmental Factor

Xb(Pj) - Base Tube Failure Raze

Pj = Tube Parametric Classifications

38
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J 1, 2,..r

A and A are both functions of tube parametric classifications.
p b

The model structure for the removal criterion model for a given tube class is

X p(Pj) 1 gL HE HF (Pj Xb (P) v)

where

Fp) = Base Failure Rate from Overall Failure Rate Model

F j Base Failure Rate from Removal Criterion Model

Ab (P) k1 (P)X 1 (Pj ) + k2 (P)A 2 (Pj ) +...+ kn (Pj)n(Pj )

k i(P ) * Importance factor of the ith removal criterion

Si(P ) = Failure rate of the ith removal criterion

TF, k, and X, are all functions of tube parametric classifications.

2. Modifying Factors

a. Environmental Factors

Reliability data have been gathered for tubes in the following

environments: ground fixed systems, ground mobile systems, sea-going systems,

airborne external (pod) systems, and airborne internal systemts. To be consis-

tent with MIL-HDBK-217B the ground fixed systems were used as a baeeline

reliability standard. All environmental factors are expressed relative to the

reliability of tubes in a ground fixed environment. The environmental factor

(HE ) is, therefore, a ratio of non-ground fixed failure rate to ground fixed

failure rate for a given tube class and a given set of operating parameters.

Roliability data on tubes in a ground based mobile/transportable environment

end data on similar (or the same, in some cases) tubes in a ground fixed en-

vironment were compared. The ratio of failure rates after appropriate screening

and Interpretation of the data showed a consistently higher failure for tubes

used in a grotud mobile/transportable environment over tubes in the ground

fixed installations.
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Data were available on tube failures in airborne inhabited, airborne uninhabited,

and sheltered sea-going systems. These data were compared with ground based-

data and with each other to determine the naval sheltered environmental factor.

b. Learning Factors

The data gathered in some cases allowed analysis by year of manu-

facture. Engineering considerations lead to the hypothesis thac as time pro-

gresses,procedures for operating a tube within a system change, resulting in

improved reliability. Furthermore, imprvei reliabllity was obtained through

improvc aents in u.,anufacturing techniques. The data analyzed by year of manu-

facture after proper scrcciing supported this hypothesis. That is, tube

reliability improved after several years of manufacturing experience.

3. Reliability Model

The data analyzed ior each of the tube classes exhibited trends when

failure rate was compared with tube parametric classifications and when failure

rate was compared with environmental and learning considerations. The overall

failure rate models and the removal criteria models, therefore, retained the

structure hypothesized above. The models are presented in Section "I of this

report.
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VI. RESULTS OF DATA ANALYSIS AND MODELING

A. Introduction

As discussed in previous aections, the study has dealt with the reliability

of individual tube types and the reliabilitv of general tube classes. As will

be dtscribed in this section, the analysis of individual tube type reliability

resulted in individual tube type reliability models, individual tube type re-

moval criteria models and individual tube type wearout times for those tubes

with sufficient data. The analysis of these individual tube type models re-

sulted in the development of general tube class overall reliability models and

tube class removal criteria models for those tube classes with sufficient data.

The effects of environment and learning have been modeled for all tubes.

B. Individual Tube Type Reliability Models

The failure rate for each of the tube types was determined from the cumu-

lative hazard analysis or the chi square 60% upper confidence limit a: dis-

cussed in the previous section. The reliability for the individual tube types

studied is presented in Tibles VI-I through VI-8 as failure rate. An overall

reliability function plot was made for each of the tube types modeled. The

plots are in Appendix A. The reliability for a given time may be found by read-

ing from the ordinate of the plot for the tube of interest the point co.respond-

iug to the desired time on the abscissa.

The probability of the tube not failing prior to a given time (reliability)

taken from one of the reliability function plots may be ised in determining

the probability that the system will not fail prior to the given time. The

system failure probabilities tw.y be used in determining expected maintenance

schedu expected operational cost and other operational considerations.
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TABLE VI-LMICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

CW KLYSTRONS

Avg. Failures/Tube No. of No. Power Freq. 10' Hours tNo. Tubes Failed KW) (MHz) (A)

3K1300LA 28 20 100 400 64*

3K21OOOOLQ 189 169 76 870 151
4M170000LA 8 4 75 410 75*

VA353 36 36 75 900 222

8824 1.6 16 30 520 126
8825 9 9 30 630 121

8826 9 9 30 790 280

3 0:jOOOOPAI 108 88 23 330 116
3KMSOOOOPA2 91 54 23 330 i50*
3KMSOOOOPA 305 282 20 330 111
4KM5OLB 10 4 14 410 28*
4KMSOLC 13 5 14 400 15*
4KM50SK 134 84 12 2600 37
4KO0SJ 13 8 12 2100 38*
4KM5000OLR 592 423 12 870 57
4K5000OLQ 68 51 ii 800 79

4K50000LQ 171 97 10 800 30*

3K50000LA 40 29 10 500 587

3K50000LF 13 8 10 620 54*
VA800E 10 5 10 2100 70*

VA856B 16 11 2 7600 65
4KM300OLR 203 79 2 800 138*
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TABLE VI-I (Continued)

CW KLYSTRONS (Cont'd)

Avg. Failures!Avg.

Tube No. of No. Power Freq. 10 Hours tNo. Tubes Failed (KW) (MHz) (A)

3K3000LQ 110 33 2 800 9*

3KM3000LA 100 60 2.3 490 19*

4K3CC 81 79 1.2 4700 605

VA888E 438 244 1 4700 233*

4K3SK 53 26 1 2600 29*

* Upper 60% chi square confidence limit
t Failure rate based on operation period
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TABLE VI-ZMICROWAVE TUBE CHARACrERISTICS AND FAILURE RATES

PULSED ICLYSTRONiS

Peak Avg. Failures/
Tube No. of No. Power Power Freq. 106 Hours -
No. Tubes Failed (MW) (KW) . _.(Mz) (X)

4670 7 7 30 26 2900 39

8569 265 140 21 19 2900 234*

ZM3038A 447 426 15 30 2500 194

L3250 170 145 10 15 1300 69

Z5010A 163 152 10 15 1300 150

SAC42A 632 598 3 6 5600 102

X780D 23 21 2.5 75 1300 337

L3035 494 404 2.2 7 1300 66

VA841 143 120 1.3 75 400 18

L3403 515 437 1.3 75 400 93

4KMP10000LF 34 21 470 KW 1A.6 600 43*

* Upper 60% chi square confidence limit
t Failure rate based on operation period

4
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TABLE VI-3.MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

TRAVELING WAVE TUBES

Tube Peak Avg. Failures/
No./ No. of No. of Pwr. Pwr. Freq. 106 Hours f

System Tubes Failures (KW) (W) (MHz) (X)

VTR5210A1 136 84 5 10 5600 145

ZM3167 484 443 5 10 5600 88

MA2001A 35 29 CW 250 560 165

VA138D 31 23 CW 70 420 53

WJ3751 16 4 CW .001 2900 90*

§M5768 31 24 2203

§VA643 40 29 607

§ALQ94 158 158 HB 4530

§ALQ94 156 156 MB 4470

§ALQ94 65 65 LB 1865

§ALQ1O1 53 53 MB 4350

§ALQ101 36 36 LB 4350

§ALQ1.7 27 27 1100

§ALQ117 33 33 HB 910

§ALQ119 261 261 HB 1475

§ALQ119 131 131 MB 1185

§ALQ119 151 151 LB 1460

• Upper 60% chi square confidence limit
A Failure rate based on operation period
§ Classified Power and Frequency
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TABLEV -4,MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

MAGNETRONS

Peak Avg. Fa6

Tube No. of No. of Pwr. Pwr. Freq. 10 Hours t

No. Tubes Failures 04W) (KW) (MHz) (X)

QK338A 3200 3148 4.5 4.5 2800 463

6410A 10 1 4.5 4.5 2800 535**

7529 5 0 3.5 3.5 2800 353**

QK327A 455 433 3.5 2.5 2800 432

QK327A 6 1 3.5 2,5 2800 367**

SFD356 29 0 2.2 2.4 2870 125**

6517 3 0 1 1.3 1300 1267**

400615 74 53 1 1 1300 452

5586 F/M 131 88 800 KW 400 W 2800 559

5586 31 23 800 KW 400 W 2800 499

Fixed

5586 90 69 800 KW 400 W 2800 669

Mobile

8798 F/M 1391 1160 450 KW 450 W 2800 479

8798 327 280 450 KW 450 W 2800 379

Fixed

8798 737 610 450 KW 450 W 2800 464

Mobile

5780 10 0 250 KW 250 W 9000 80**

SFD352 118 5 230 KW 253 W 9000 263**
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TABLE VI-4.(Continued)

MAGNETRONS (Cont'd)

Peak Avg. Failures/

Tube No. of No. of Pwr. Pwr. Freq. 106 Hours t
No. Tubes Failures (',MW) (KW) (MHz) (A)

6344 13 3 175 KW 149 W 5640 335**

SFD370 7 0 90 KW 99 W 9250 105**

SFD377A 3 0 90 KW 90 W 9375 200**

SFD342 28 0 75 KW 65 W A6500 55**

7452 10 0 70 KW 196 W 16000 263**

BLM198 8 0 70 KW 84 W 16250 213**

7256 F/M 1832 1554 40 KW 40 W 9100 533

7256 15 1 40 KW 40 W 9100 159**

7256 706 619 40 KW 40 W 9100 520
Fixed

7256 855 714 40 KW 40 W 9100 554

Mobile

2J55 5 0 40 KW 40 W 9375 366**

** Manufacturer's life test data - upper 60% chi square confidence limit

t Failure rate based on operation period unless data are manufacturer's
life test results

4
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TABLE VI-5MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

TWISTRONS

Peak Avg. Failures/

Tube No. of No. of Pwr. Pwr. Freq. 106 Hours t
No. Tubes Failures (MW) (KW) (MHz) (X)

VA913A 135 123 5 10 5500 225

VA145H 17 13 5 10 3000 487

VA145E 42 28 3 5 3000 449

§VA144 40 30 847

t Failure rate based on operation period

§ Classified Power and Frequency

TABLE VI-6 MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

GRIDDED TUBES

Peak Avg. Failures/

Tube No. of No. of Pwr. Pwr. rreq. 106 Hours t

No. Tubes Failures (KW) (KW) (MHz) (A)

7835 167 159 10 MW 60 450 136

2041 363 339 300 3 430 142

6952 424 414 224 4 430 390

t Failure rate based on operation period
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TABLE VI-7. MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

AMPLITRON

Peak Avg. Failure/

Tube No. of No. Power Power Freq. 106 Hours t
No. Tubes Failed (A)

§QK681 208 201 260

§ Classified Power and Frequency

TABLE VI-8 MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

CROSSED FIELD AMPLIFIER

Peak Avg. Failure/
Tube No. of No. Power Power Freq. 106 Hours t

No. Tubes Failed (KW) (KW) (X)

SFD261 52 10 125 1 S 209*

SFD261 10 5 125 1 S 127**

* Upper 60% chi square confidence limit

** Manufacturer's life test data - upper 60% chi square confidence limit

t Failure rate based on operation period unless data are manufacturer's life

test results

4
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Because reliability models have not been developed for all tubes due to a

lack of sufficent data, an appropriate engineering judgement will be necessary

to obtain a failure rate prediction for a tube which has not been modeled.

The engineer may consider reliability models for tubes with characteristics

similar to the tube of interest as a basis for a judgement leading to the de-

sired reliability ptediction. Other models have been developed based on the

individual tube type reliabi"ity models which predict the reliability of tube

classes (klystrons, TWT's, etc.) based on tube parametric classifications.

These tube class reliability models may be used where no model is available for

a specific tube of interest.

C. Individual Tube Type Removal Criteria Models

The failure rates and frequency of occurrence for each of the removal

criteria for each tube studied are summarized in TablesVI-9 through VI-23.

The product of the frequency of occurrence and failure rate for each removal

criterion is a measure of the relative contribution of each removal criterion

to the overall failure rate of the tube.

The relative contribution to a t -v.'s failure rate by the various removal

criteria may be used as a guide to direct corrective actions for the purpose of

reliability improvement. The reduction of the failure rate for the removal

criterion having the largest contribution will reduce the failure rate of the

tube, therefore, reducing the expenditures necessary to replace failed tubes.

Removal criteria having a significant secondary and tertiary contribution to

the overall failure rate should also be considered in a reliability improvement

research program. Research to reduce the failure rate for any removal

criterion should not necessarily concentrate on improving only the tube. The

system or at least the tube-system interface, in many case6 is the cause of

tube failures.
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D. Individual Tube Type Wearout Times

4r The cumulative Weibull hazard plots were inspected to determine appropriate

wearout region for each tube analyzed. A steep decrease of slope on the cumulative

hazard plot indicates the wearout point. Tables VI-25 through VI-30 summarize

the results of the wearout analysis. The wearout region of tube life is that

period when the failure rate begins to increase as the radiant time increases.

Depending on considerations of tube cost and maintenance cost for a particular

system, it may be desirable to remove an operating tube when it reaches che

beginaing of the wearout period listed. This is a preventative maintenance

practice because the probability of a tube failing begins to increase more

rapidly for a tube in the wearout region of the life cycle than for a tube in

the operating period.

E. Modifying Factc-rs

In order that the reliability models developed during the study be consistent

with MIL-HDBK-217B, they are based on the reliability of tubes in fixed ground

based installations and on the reliability of tubes which have been in use for

several years. To predict the reliability of a tube not in the above two

categories, modifying factors describing the effects of Eivironment and learning

must be applied to the model.

1. Environmental Factors

a. Ground Fixed

Over half of the tubes in the McClellin data were operated in a ground

fixed environment. Tubes used in ground fixed systems generally have a lower

failure rate than tubes in other environments because there is less vibration

and more protective equipment in the ground fixed systems. Since it is tie

reference environment, the ground fixed factor is arbitrarily given the value of

one.
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TABLE VI-25. BEGINNING OF 'WEAROUT PERIOD FOR MICROWAVE TUBE LIFE CYCLES

CW KLYSTRONS

Weibull Beginning of
Shape Wearout

Tube Pprameter Period
No. (0) (Hours)

4KM5OLB .61 1100*

3K5000OLF 1.42 2000*

4KM50SJ .99 2100k

VA800E 1.07 3000A

3K5000OLA .94 3500

8826 .65 5000*

4K3CC .78 5000

4K3SK 1.32 6500*

8825 .72 9000*

3KM300LA .64 10000

8824 .82 10000*

VA853 .85 10000

3KM500OOPA2 .75 16000

3K300OLQ .64 9000

4KM300OLR .61 13500

VA888E .92 20000*

VA856B .81 22000*

4KM5OOOOLQ 1.21 20000

400OLQ 1.14 34000*

3KH50000PAl .75 40000*
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TABLE VI-25 (Continued)

CW KLYSTRONS (Cont'd)

Weibull Beginning of
Shape Wearout

Tube Parameter Period
No. (B) (Hours)

4kM5OLC 1.9 40000*

4KM5OSK 1.07 46000*

4K01170000LA 3.79 50000*

3KM50000PA .81 57000*

3K21000OLQ .69 71000*

4KM5000OLR .88 80000*

3KM30000LA .75 100000*

*No weerout observed; maximum failure time recorded.
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TABLE VI-26. BEGINNING OF WEAROUT PERIOD FOR MICROWAVE TUBE LIFE CYCLES

PULSED KLYSTRONS

Weibull Beginning of
Shape Wearout

Tube Parameter Period
No. (0) (Hours)

ZM3038A .75 7500

4670 .50 10000

8568 .55 10700

VA842 .54 13000

Z5010A .78 13000

X780D .59 18000*

L3403 .83 20000

4KMP1000OLF .78 30000

SAC42A .80 80000*

L3250 .64 90000*

L3035 .88 90000*

*No wearout observed; maximum failure time recorded.

I
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TARLE Uj-27. BEGINNING OF WEAROUT PERIOD FOR MICROXWAVE TUBE LIFT, CYCLES

Weibull Beginning of
Shape WearoutTube Parameter PeriodNo.(()iiIu)

115 768 1. 23 750

WJ3751 1.07 2300,

VA643 .63 3000

VA138D 1.01 4200*

1-A2001A . 71 10000

ZM316 7 1.04 60000*

VTR521OA1 1.28 21000*

*No wearout observed; maximum failure time recorded.
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TABLE VI-28o BEGINNING OF WEAROUT PERIOD FOR MICROWAVE 
TUBE LIFE CYCLES

MAGNETRONS

Weibull Beginning of

Shape Wearout

Tube Parameter Period

No. (M) (Hours)

1256 Fixed 1.&5 4900

7256 Mobile 1.44 5200

8798 Mobile 1.14 6000

5586 Fixed .99 8000*

5586 Mobile .87 8000*

5586 F/M .83 9000*

7256 F/H 1.45 10000*

8798 Fixed 1.15 9500

400615 .92 11000*

QK327A 1.04 19000*

8798 F/M 1.11 25000*

QK338A .88 35000*

*No wearout observed; maximum failure time recorded.
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TABLE VI-29. BEGINNING OF WEAROUT PERIOD FOR MICROWAVE TUBE LIFE CYCLES

TWYSTRONS

Weibull Beginining of
Shape Wearout

Tube Parameter Period
No. () (Hours)

VA144 .66 4100*

VA145E .73 6000*

VA145H .67 9000*

VA913A .90 11000

*No wearout observed; maximum failure time recorded.

TABLE VI-30 BEGINNING OF WEAROUT PERIOD FOR MICROWAVE TUBE LIFE CYCLES

GRIDDED TUBES

Weibull Beginning of
Shape Wearout

Tube Parameter Period
No. (Hours)

6952 1.12 7000

2041 .87 13000

7835 .93 15000

J,
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b. Ground Mobile

Tubes in ground mobile systems are subjected to more vibration and

have less protective equipment than those in a fixed environment. Several

tube types in the data were used both in fixed and mobile environments. By

comparing the reliability of tubes in a mobile environment with tubes having

similar operating parameters used in a fixed environment and tubes used in

both environments, the ground mobile factor was found to be 3.

c. Airborne Inhabited

Airborne inhabited environment refers to tubes operated in the air-

craft as opposed to a pod. This environment subjects a tube to more, and

usually higher frequency vibration than a mobile or fixed ground based en-

vironment. There are more abrupt jolts due to landings and air maneuvers.

Appropriate cemparison of the failure rate of tubes in an airborne inhabited

environment with the failure rate of tubes in ocher environments resulted in

modifying factors of 6.5.

d. Airborne Uninhabited

The airborne uninhabited environment refers primarily to systems

located in wing pods. These units are subjected to even greater vibrations

and jolts as the wings vIlbrate more than the fuselage. Appropriate comparison

of the reliability of the pod tubes with the reliability of tubes in other

environments resulted in a modifying factor of 8.

e. Naral Sheltered

The naval sheltered environment refers to seagoing systems which are

protected from the weather. These tubes suffer a higher failure rate than

ground based systems due to the corrosive effects of the salt laden air,

vibration, and less protective equipment than the ground based systems. The

reliability of naval sheltered tubes appropriately compared to th( reliability
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of tubes in other environments resulted in a naval sheltered environmental

factor of 6.5.

Table VI-31 summarizes the environmental modifying factors.

2. Learning Factor

The learning factor refers to the improvement in failure rate due to

learning in the production,operation,and maintenance processes. For tubes

being built and used for the first time, there may bn production and operation

problems which can result in a high failure rate. With time the problems are

solved, and workers gain expertise in constr.cting and operating the tubes.

As a result, the failure rate decreases as more tubes are built and used.

Some of the tubes in the data base were in the one to three-year age category.

Comparing the failure rate of these tubes with the failure rate of tubes

with similar operating parameters which have been in production many years

resulted in a learning factor of 3, Tubes which have been in production for

over three years did not display noticeable differences in failure rate from

the older tubes. There were n tubes which had been in production less than

a year in the data base. The learning factor of 10 for this age category

was adopted from the MIL-HDBK-217B. Table VI-32 summarizes the learning factors

to be used when predicting tube reliability with the models presented in this

section.

F. Overall Failure Rate Models

Failure rates for the following classes of tube have been modeled as a

function of tube operating parameters and are consistent with MIL-HDBK-217B

notation:

1. Klystrons
2. Magnetrons
3. Traveling Wave Tubes
4. Twystrons
5. Gridded Tubes (Tetrodes and Triodes)
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TABLE VI-31. ENVIRONMENTAL MODIFYING FACTORS

ENVIRONMENT FACTOR E)

GROUND FIXED (GF) 1.0

GROUND MOBILE (GM) 3.0

AIRBORNE INHABITED (A1 ) 6.5

AIRBORNE UNINHABITED (AU) 8.0

NAVAL SHELTERED (NS) 6.5

TABLE VI-32 LEARNING FACTORS

PERIOD TL

Less than 1 year 10.0

1 - 3 years 3.0

More than 3 years 1.0

7
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Recall from section V, the basic model structure for the overall failure

rate model is

6X = xEbTnL failures per 10 hr.

where X = part failure rate

= function of tube operating parameters

X' = base failure rate

= function of tube operating paramete ;

TE 
= environmental factor

TTL = learning factor

A procedure for use of the model in estimating failure rates is as follows:

Step 1: Identify the tube parameters indicated in Table Vt-33 for the

appropriate tube class.

Step 2. Compute the following parameters of the tube:

a. For CW klystrons, multiply average power in KW by frequency in Gliz to

obtain a parameter with units of KW-GHz.

b. For pulsed klystrons, multiply peak power in MW by frequency in ':Ilz

to obtain a MW-GHz parameter.

c. For pulsed magnetrons, multiply peak power in MW by frequenicy in ;:Hz

to obtain a MW-GHz parameter.

d. For CW TWT's, multiply average power in W by frequency in GHz to

obtain a W-GT1z parameter.

e. For pulsed TWT's, multiply peak power in KW by frequency in GHz

to obtain a KW-(Hz parameter.

f. For pulsed Twystrons, multiply peak power in MW by frequency i., 71-.

to obtain a parameter with units of NW-,Nz.
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TABLE N,1-33.TUBE PARAIZ- ERS REQUIRED
iz OVERALL FAILURE RATE MODEL

TYPE TUBE PARAMETERS NEEDED

CW Klystrons Average power, frequency

Pulsed Klystrons Peak power, frequency

Pulsed Magnetrons Peak power, duty cycle,
frequency

Pulsed TWT's Peak power, frequency

CW TWT's Average power, frequency

Gridded Tubes Duty cycle

Twystrons Peak power, frequency

TABLE VI-34.CW KLYSTRON BASE FAILURE RATES

POWER X FREQUENCY FAILURES PER
(KW) x (GHz) HOURS (b)

Below 7 20

7-10 45

10-35 55

Above 35 150
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Step 3. Enter the appropriate table (Table VI-34 through VT-4O) to deterrine

the base failure rate (.).

Step 4. Enter Table VI-31 to determine the environmental factor, 11 .

Step 5. Enter Table VI-32 to determine the learning factor, N L

Step 6. Compute the predicted part failure rate as the product of the

base failure rate, the environmental factor, and the learning factor, i.e.,

X =kbE L failures per million hours.

C. Removal Criteria Models

Failure rates and importance factors for removal criteria for the follow-

ing classes of tubes have been modeled as a function of tube operating para-

meters and are consistent with MIL-HDBK-217B notation. The classes of tubes

are
1. Klystrons
2. Magnetrons
3. Traveling Wave Tubes

4. Twystrons
5. (r1!'. Tubes (Tetrodes and Triodes)

Recall from section V, the basic model structure for the tube class re-

moval criteria model is

b k1 l I k 2'2 n+ knn (V[-2)

'b E TL (V-3)

where ' - base failure rate

ki = weighting factor for removal criterion i

N failure rate for removal criterion

- part failure rate
p

WE =environmental modifying factors

TrL - learning factors
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TABLE VI-35. PULSED KLYSTRONS BASE FAILURE RATES

PEAK POWER X FREQUENCY FAILURES PER
(MW) X (GHz) 16 HUS(b

Below 10 80

10-25 120

25-35 180

Above 35 240

TITLE VT-36. PULSED MACNETRCNiS BASE FAILURE RATES

FAILURES PER 10 6HOURS (XAb)

PEAK POWER X FREQUENCY DUTY CYCLE
(MW) X (GHZ) Below 0.001 Above G.001

Below 5 410 440

5-10 430 460

Above 10 450 470
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TAME 'VI..37,C TWT'S BASE FAiLURE PATES

AVERAGE WiR XZA IELCY 1 FALPRS PR
(W) x (G l:) 106 HOURS (X

Below 100 60

100-500 300

500-1000 450

Above 1000 550

TITLE VI-.38.-L$ED TWT'S BASE FAILURE RATES

-PEAK -POWER X FREQ.UENcy ?A IURES PER(M' X (G ) " Ij 'HOURS (Xb)

1r &%f 110

10OMO20 180

200-300 220

Above 300 260

, :85
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TABLE VT-3Q. PT1A ED (nRIDfl!D TTJ1RES BA.r FAIL T RE RATE5

FAILURES PER

DUTY CYCLE 106 HOURS (Xb )

Below 0.0075 175

0.0075-0.0150 200

0.0150-0.0220 400

TITLE VT-40. PULMED TYSTRONS BA.SE FAiLuRE RATE

PEAK POWER X FREQUENCY FAILURES PER
(MW) X (Gliz) 10 6 HOURS (Xb)

Belw 10 150

10-20 175

20-30 275

Above 30 300

8
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The removal criteria model are useful for the prediction of tube failure

rate. The following steps are a suggested method for using the models:

Step 1. Determine the appropriate tube parameters indicated in Table V[-41

for each tube type.

Step 2. Compute the following tube parameters.

a. For CW klystrons, multiply the average power iii KW by frequency in

0Iz to obtain a parameter with units of IW-GHz.

b. For pulsed klystrons, multiply peak power in MW by frequency in GHz

to obtain a parameter with units of MW-GHz.

c. For pulsed magnetrons, multiply peak power in MW by frequency in GHz

to obtain a parameter wth units of MW-GHR.

d. For CW TWT's, multiply average power in W by frequency in GHz to

obtain a parameter with units of W-GHz.

e. For pulsed TWT's, multiply peak po'ier in KW by frequency in ,Hz to

obtain a parameter in KW-GHz.

f. For pulsei Twystrons, multiply peak power in 1MW by frequency in

GHz co obtain a parameter of MW-GHz.

Step 3. Enter the appropriate table (TableVI-42 throughVl-49 ) to determine

the importance factor, kit and the predicted base failure rate Xfor each removal

criterion.

Step 4. Multiply the base failure rate by the importance factor for each

removal criterion and sum these products to obtain the overall base failure

rate Xb, where

n

X- r kiXi (VI-4)

Step 5. Determine the environmental and learning factors from Tables VI-31

and VI-32.
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TABLE VI-41.TUBE PARAMETERS REQUIRED

kEMOVAL CRITERIA MODEL

TUBE TYPE PARAMETERS NEEDED

CW Klystrons Average power, frequency

Pulsed Klystrons Peak power, frequency

Magnetrons Duty cycle, peak power,
frequency

CW IWT' s Average power, frequency

Pulsed TWT's Peak power, frequency

Gridded Tubes Duty cycle

Twystrons Peak power, frequency

T

r9
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TABLE Vt-42.FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

CW KLYSTRONS

AVERAGE POWER X FREQUENCY (KW)X(GHz)

BELOW 7 7-10 10-35 ABOVE 35

REMOVAL CRITERION xi k* ki kI X k

FILAMENT 80 .28 70 .21 70 .05 50 .04

EMISSION 40 .30 50 .06 50 .16 50 .05

GASSY 100 .20 100 .16 120 .16 120 .40

MECHANICAL 150 .06 150 .06 1.50 .06 150 .06

FOCUSING 100 .04 100 .06 110 .08 120 .06

ARCING/SHORT 120 .12 200 .13 250 .13 350 .10

WAVEGUIDE SYSTEM 100 .04 130 .12 190 .08 210 .12

CIOLING SYSTEM 80 .06 80 .20 100 .28 200 .17

TF .22 .42 .44 .92

*.i= Failures per 106 Hours

**k= Probability of Removal Criterion Occurrence

i i
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TABLE 'I-43.FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

PULSED KLYSTRONS

PEAK POWER X FREQUENCY (MW)X(GHz)

BELOW 1.0 10-25 25-35 ABOVE 35

REMOVAL CRITERION i Xi ki Ai ki i

FILAMENT 70 .04 100 .03 350 .04 450 .04

EMISSION 80 .10 100 .16 150 .16 200 .12

GASSY 160 .36 180 .26 200 .28 240 .26

MECHANICAL 90 .10 100 .07 170 .06 240 .05

FOCUSING 120 .02 170 .04 220 .02 260 .02

COOLANT LEAK 109 .03 150 .06 150 .03 160 .03

ARCING/SHORT 90 .15 160 .14 220 .12 300 .IC

OIL SYSTEM 90 .03 120 .08 260 .14 320 .14

WINDOW ARCING 90 .04 100 .O, 200 .04 230 .16

MAGNETIC SYSTEM 130 .04 140 .04 150 .04 160 .03

WAVEGUIDE SYSTEM 120 .04 120 .02 130 .02 140 .02

COOLING SYSTi 60 .05 120 .06 230 .05 290 .03

F .69 .86 .88 .94

IF
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4&.i, TABLE VI-44. FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

MAGNETRONS

DUTY CYCLE BELOW .001

=EAK POWER X FREQUENCY MW)X(GHz)

BELOW 5 5-ic

REMOVAL CRITJ UICN Xi k_ X ki

F1LA~1., 600 .06 600 .37

EnISS!OP 500 .23 500 .10

"ASSY 550 .30 760 .07

WTNJOW 410 .01 430 .01

Mz*CdANICAL 410 .01 430 .01

ARCING3/SHORT 490 .29 420 .26

OIL SYSTEM 410 .01 674 .05

WINij, W ARCING 410') 430 .01

MA(,. ."!C ;YST-'A 10A .01 430 .01

WAVE(UIDE SYS'- 410 .01 600 .05

COOLING SYSTEM 410 .01 590 .06

TF .80 .80

hi



TABLE VI-45.FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

MAGNETRONS

DUTY CYCLE ABOVE .001

PEAK POWER X FREQUENCY (MW)X(GHz)

BELOW 5 5-10 ABOVE 10

REMOVAL CRITERION xi ki Xi ki Xi ki

FILAMENT 435 .04 435 .21 435 .37

EMISSION 300 .19 310 .12 320 .05

GASSY 650 .30 770 .26 890 .20

WINDOW 450 .02 460 .01 470 .01

MECHANICAL 600 .05 600 .03 600 .01

ARCING/SHORT 500 .22 500 .18 500 .13

OIL SYSTEM 700 .03 700 .05 700 .08

MAGNETIC SYSTE: 440 .01 460 .01 470 .01

WAVEGUIDE SYSTEM 600 .08 610 .07 620 .07

COOLING SYSTEM 700 .03 700 .02 700 .02

WINDOW ARCING 60U .03 600 .04 600 .05

n F  .33 .82 .76

I
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TABLE VI-46. FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

CW TWT'S

AVERAGE POWER X FREQUENCY (W)X(GHz)

BELOW 100 ABOVE 100

REMOVAL CRITERION X k .Aj kI.

FILAMENT 140 .15 110 .25

EMISSION 80 .43 205 .25

GASSY 70 .31 900 .34

FOCUSING 70 .01 200 .01

COOLANT LEAK 70 .01 200 .01

ARCING/SHORT 70 .06 320 .11

WINDOW ARCING 70 .01 200 .01

MAGNETIC SYSTEM 70 .01 200 .01

WAVEGUIDE SYSTEM 70 .01 200 .01

UF  .71
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TABLE VI-47.FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

PULSED T' T'S

PEAK POWER X FREQUENCY (KW)X(GHz)

BELOW 100 ABOVE 100

REMOVAL CRITERION ki  ki  x k

FILAMENT 142 .06 310 .04

EMISSION 90 .70 310 .09

GASSY 160 .06 310 .21

WINDOW 200 .01 310 .12

FOCUSING 200 .01 310 .01

COOLANT LEAK 200 .01 310 .01

ARCING/SHORT 160 .10 310 .17

WINDOW ARCING 200 .01 310 .01

MAGNETIC SYSTEM 200 .01 310 .01

WAVEGUIDE SYST114 120 .02 310 .21

COOLING SYSTEM 200 .01 310 .12

IF .99
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TABLE VI-48 FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

PULSED TWYSTRONS

PEAK POWER X FREQUENCY (MW)X(GHz)

BELOW 10 10-20 20-30 ABOVE 30
REMOVAL CRITERION xi k A i ki Ai ki xi k!

FILAMENT 150 .07 175 .08 275 .01 300 .01

EI% , 150 .04 175 .14 250 .21 300 .16

GAk. 150 .38 175 .29 390 .30 300 .29

WINDO: 150 .01 175 .01 275 .01 300 .18

FOCUSING 150 .04 175 .01 370 .12 300 .01

COOLANT LEAK 150 .04 175 .14 275 .02 300 .07

OIL SYSTEM 150 .07 175 .14 275 .15 300 .01

HEATER SEAL 150 .01 175 .01 275 .01 300 .01

WINDOW ARCING 150 .11 175 .01 275 .02 300 .01

ARCING/SHORT 150 .11 175 .01 275 .05 300 .13

MAGNETIC SYSTEM 150 .04 175 .14 275 .02 300 .07

WAVECUIDE SYSTEM 150 .07 175 .01 275 .01 300 .01

COOLING SYSTEM 150 .01 175 .01 200 .07 300 .04

7F 1.0 1.0 .89 1.0
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TABLE VI-49 FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

GRIDDED TUBES

DUTY CYCLE

BELOW 0.0075 0.0075-0.0150 O. 050-0.0220

REMOVAL CRITERION A. k k k

FILAMENT 160 .03 160 .04 160 .02

EY, 1.SSION 90 .15 120 .18 350 .50

SA4SSY 200 .14 350 .05 550 .03

ARCTNC/SHORT 200 .55 240 .65 540 .40

WAvLGULDE SYSTEM 190 .06 240 .03 3!0 .02

CO9LING SYSTEM 210 .07 250 .05 500 .03

TF .96 .90 .93

100



Step 6. Obtain the part failure rate as the product of the base failure

rate, the environmental factor, and the learning factor.

X1 L  (VI -5)

The prediction of the failure rate will be somewhat higher than the failure

rate from the overall failure rate model as it is based on data from only those

tubes which have failed. To obtain a failure rate which will take into account

all tubes in service the part failure rate, A' p, computed above should be

multiplied by the H F factor found at the bottom of Table VI-42 through VI-49.

Tables VI-46 and VI-47 do not have a RF factor in the right hand column because

the overall failure rate models and the removal criterion models for TWT's do

not cover the same parameter ranges. A new expression for part failure rate is

X = T ' (VI-6)

The products of removal criterion failure rates and importance factors

obtained in Step 4 can be used to determine the importance of each removal

criterion to tube reliability. These individual products can be ranked to

determine the order of their importance, If a designer can justify the elim-

ination or reduction of frequency of a removal criterion's occurrence he may

revise the importance (k) factors. These may then be used with the failure

rates from Tables VI-42 throughVl-49 to obtain a revised part failure rate. The

revised importance factors must sum to unity.

H. Example Application of Models

The FAA has recently specified a new air surveillance radar systenm [5]

to be designed and built. The new system is the ASR-8. (t will use a high

power klystron as the final transmitter stage. The klystron will operate in
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a frequency band centered around 2.8 GHz at one megawatt peak power. The

failure rate of pulsed klystrons were modeled as a function of peak power

times frequency. The peak power times frequency parameter for the ASR-8

klystron is 2.8 MW x GHz. The learning factor (n ) from Table VI-32 is 1.0
L

due to the assumption that an existing klystron will be used in the ASR-8.

The Pnvironmental factor (TiE) from Table V.1-31 is 1.0 as the system is a fixed

ground based installation. The predicted overall base failure rate (X) ir 80

failures per million hours (from Table VI-35) the part failure rate using (VI-i)

is

X = E TL XTb

= (1.0) (1.0) (80)

= 80 failures/lO6 hours

The removal criterion model is based on the same parameter (peak power

times frequency) as the overall failure rate model used in the above paragraph.

From Table VI-43, the failure rates (yi) and importance factors (ki) in Table

VI-50 are taken.

The fourth column in Table VI-50 is the product of the failure rate (Xi)

and the importance factor ki) for the listed removal criterion. The product,

x ki, is the relative contribution for removal criterion, i, to the overall

failure rate (). The sum of these relative contributions is 115.6 failures per

million hours which is the over&ll failure rate (?) of the tubes that have failed.

The factor, F, from Table VI-43 is 0.69 for the ASR-8 klystron. Using (VI-5)

and (VI-6), the tube failure rate is

'p " TTFTETLb (IV-7)

. (.69) (1.0)(1.0) (115.6)

- 80 failures/106 hours
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TABLE VI-50. REMOVAL CRITERIA MODEL FOR THE ASR-8 KLYSTRON

Contribution of

Failure Importanr Removal Criterion

Removal Criterion Rate ? i  ki "x

Filament 70 .04 2.8

Emission 80 .1 8.0

Gassy 160 .36 57.6

Mechanical 90 .1 9.0

Focusing 120 .02 2.4

Coolant Leak 100 .03 3.0

Arcing/Short 90 .15 13.5

Oil System 90 .03 2.7

Window Arcing 90 .04 3.6

Magnetic System 130 .04 5.2

Waveguide System 120 .04 4.8

cooLing System 60 .05 3.0

1
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One interesting item in Table VI-50 is the relative contribution of the

gassy removal criterion. The failure rate for the gassy removal criterion is

160 and the importance factor is 0.36 resulting in a relative contribution of

57.6 which is practically half of the base failure rate of 115.6 failures

per million hours. To reduce the expected failure rate of the ASR-8 klystron

the failure rate and/or frequency of occurrence (importance) must be reduced

for the gassy removal criterion.

T. Utility of Models

The agencies that purchase systems employing microwave tubes are interested

not only in the initial cost of a system but alsc in the cost of operating the

system for a period of several years. Included in the yearly operational

cost for a group of systems is the cost of replacing the microwave tubes. Many

of these tubes are highly priced items, ranging from $10,000 to $50,000 each,

with mean lifes of only a few thousand hours. For example, if 20 systems each

use a tube costing $31,000 with a mean life of 3500 hours, then the expected

yearly tube replacement cost assuming 2000 operating hours per system per year

will be $354,000.

In order to reduce the expected annual tube replacement cost for a

proposed system certain protective features could be included in the system's

specifications. The nature of these protective features would depend upon the

problems expected to occur in the operation of that soecific system. The "k"

factors in the removal criteria model indicate the predominate removal criteria

for specific tube types with certain operating parameters. In many cases one of

the predominate removal criteria will have a higher failure rate than most otner

criteria. A protective feature could be specified to reduce the frequency of

occurrence and/or failure rate of such a removal criterion resulting in an over-

all failure rate decrease and, therefore, a system operating cost decrease.
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VII. COST-RELIABILITY ANALYSIS

A. Objective

The objective of this portion of the research was to de'elop a decision

making procedure to determine if research to improve tube reliability is worth-

while from a cost reduction point of view. Reliability improvement usually

requires an investment in research, as well as an increase in the price of the

tube. The price increase is due to higner quality materials and equipment and/

or improved manufacturing procedures. The economic feasibility of the research

depends on the reliability improvement and the increase in cost which would re-

sult from the research.

The high cost of micrcwave tubes makes reliability improvement seem attrac-

tive. To be cost-effective, however, the cost of the improvement r.,tst be off-

set by an overall decrease in operating or replacement cost. This improvement

involves research to lower the tube failure rate. The lower failure rate should

be such that the savings from buying fewer tubes pays for the possible increased

cost of the improved tube, and recovers the research investment within a

reasonable length of time.

Research may be undertaken in two ways. The first is research in the various

general technology areas with which high failure rates are associated. This is

fundamental research which should develop techniques and materials to improve

reliability applicable to a wide range of tubes. The direction and amount of re-

search in this area should be determined by considering the overall frequency

of occurrence of the various removal criteria.

The second area of research involves reliability improvement for specific

tubes. Rather than basic research on fundamental aspects of tube design, in-

dividual tubes should be studied in depth. This involves studying the manu-

facturing process to determine the cause of the removal criteria with the high-

est frequency of occurrence. Known methods should be employed to reduce failures
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in problem areas indicated by the reliability study. Emphasis on quality

control and materials standards should be increased.

The results from such a study should be a tube that lasts longer, but

probably costs more. In each case analysis should be undertaken to determine

whether the research would be cost effective, based on best estimates of the'

possible savings because of reliability, improvement, and its cost.

B. Methodology

1. Identification of Candidate Tubes

In identifying which tubes are the best candidates for reliability improve-

ment,the tubes can be ranked by several different parameters. Each of these

parameters has merits as a measure of cost-benefit of reliability improvement.

The principal parameters that should be considered are the following:

1) COST/SOCKET/KW/M HR

2) TOTAL COSTIiM HR

3) COST/SOCKET/M HR

4) TOTAL COST/M HR

5) COST/SOCKET/KW/YEAR

6) TOTAL COST/KW/YEAR

7) COST/SOCKET/YEAR

8) TOTAL COST/YEAR

where: ' W"indicates a kilowatt of average power,'M HR"indicates 100 hours of

operatiol, "Total" indicates the number of installations (sockets). Cost and

failure rate are common to all of the parameters.

Information on the above parameters was obtained on each of the tubes in-

cluded it, the study, and an analysis was done to establish rankings. Tables

Vff-i throup.h Vl'.-8 contain the rankinR of tubes by each of these parameters.

'Tables VII-5 through VII-8 have failure rate in units of failures per hundred
yeara due to a computer program requirement.
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The tubes were ranked in decreasing order by each of the parameters.

I-Li cost uscd in the rankings is the weighte da aveag o f the new cost and

repair cost. It was calculated by the following formula-

C ic
I + R

C = Cost per operating cycle per tube

Where C = new cost
n

C = repair costr

R = Average number of times the tube is repaired

14R = Average number of operating cycles per tube

R was calculated by a computer program. The formula used was:

I-RI + 2.R2 + 3-R3 ......... 10.RIO

RO + R1 + R2 + R3 . ..... RIO

where RO - number of tubes not repaired (first service cycle)

R1 = number of tubes repaired once

R2 - number of tubes repaired twice

etc.

The failure rate expressed ( failures/million hours) is the reciprocal of the

mean life multiplidd by one million. The mean life calculation included all

failures in the data for each tube. Censored data were not included, and in-

fant mortality and wearout failures were included. This gives a rough estimate

of the observed failure rate.

Failure rate expressed as (fdilures/year) refers to the average naumber of

failures per calendar year. It was calculated by taking the reciprocal of the

average time (in years) that the tube was installed in the system (i.e. removal

date - installation date). This rate is the same as one calculated by mul-

tiplying the failure rate in failures/mi-llion hours by the operating schedule

(Million hours of operation/years installed). This rate refers to failures per

calendar year, not pp- year of continuous operation.
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2. Parameters

Cost Per Socket Per Million Hours is the product of failure rate (Failures/

6l10 hours)and cost per tube. This indicates the cost of continuous operation

of an installation with one socket. Depending on reliability and cost, it may

be better to have more reliable tubes that cost more than less reliable tubes

that cost less. There is a non-lia ear relationship between cost and reliability,

so the tendency is for higher Lelia*, Ility tubes to come out cheaper because

fewer are needed. Cost per socket per million hours is strictly a measure of

the cost-reliability relationship for a tube and not an indication of overall

expenditures.

Total Cost Per Million Hours is the product of failure rate 
(Failures/l06

hours), cost per tube and itumber of installations. This is the total cost of

continuous operation for all installations in the field using the tube. The

ranking changes somewhat from the previous ranking, because the cost per socket

per million hours is multiplied by the number of installations. P(wer is not

accounted for in this parameter, so it is only an indication of economic de-

sirability of the tube. This parameter is useful from an expenditure-reliability

point of view.

Cost Per Socket Per Million Hours Per KW is the failure 
rate (Failures/10

6

hours) zimes cost per tube divided by average power. The power is included

because the high power tubes generally cost more than the low power tubes, which

tends to bias the ranking. Dividing by power corrects for this bias. This is

therefore a good measure of merit from the cost-reliability-capability standpoint

for a tube. Tubes with the worst reliability and highest cost tend to be at

the top of the list,

Total Cost Per Milion Hours Per KW is the failure rate (Failures/lO hours)

times cost per tube times the number of installations divided by the average power.
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This is the total cost per kilowatt of all installations in the field using this

tube.

Cost Per Socket Per Year is the failure rate (Failures/year) times unit

cost. Ffilure rate by calendar year incorporates the operating schedule into the

cost of usiing the tube on a fiscal basis.

Cost Per Socket Per KW Per Year is the same as cost per socket per KW per

hour except that it includes the operating schedule to obtain annual cost per

kilowatt.

Total Cost Per Year is calculated with the average operating schedule, fail-

ure rate, number of installations and tube costs. This parameter (total cost per

year) indicates tubes for which the largest expenditures are made. The greatest

Annual savings may be obtained by improving the reliability of thef.e tubes. The

question is, "Is investment in research to improve reliability worthwhile?" This

is taken to mean, 'Will resea'ch save money in the long-run?"

The amount of improvement in reliability which results from a given amount

of research is not known. In general, an increase in reliability will also

increase the tube purchase price. Estimates of the amount of reliabilty improve-

ment and the aciount of cost increase expected can be made. A range of values of

percent reliability improvement and percent cost increase were assumed for the

following example (Figure VII-l, VIl-2).

Economic analysis would need to be performed to determine the amount of money

which may be allocated for research for a given increase in reliability and in-

crease in cost. This anal.ysis would include a comparison of the present cost

and the projected cost.

Existing. cost may be determined by calculating the present worth (PW) of the

annual operating costs for,say, a five year period (a five year planning horizon

might be chosen becaiuse quick payback is desired).
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FIGURE VII-I

EXAMPLE OF COST-RELIABILITY CALCULATIONS

TUBE, FAILURES
COST PER YR KS/YEAR

TUBE (Ca) SOCKETS (S)

L3035 5.49 (KS) 2.4 90 1185.8

PW = 1185.8 (4.23) = 5016

5 years

10% interest

6% inflation

POTENTIAL POTENTIAL (PW)
% FAILURE % YEARLY BREAK

RATE PRICE OPERATION EVEN

IMPROVEMENT INCREASE COST $/YEAR K$

0 0 5016 0

10 5 4736 280

10 10 4967 50

15 5 4475 543

15 10 4691 325

15 15 4091 115

20 10 4415 601

20 15 4612 404

20 20 4817 199

BREAKEVEN = PW - PWn

where PW = present worth of costs using existing price and failure rate

PW n present worth of costs using, improved failure race and increasedn
cost.
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FIGURE VII-2

EXAMPLE OFL COST-.RELIABILITY CALCULATIONS

TUBE FAILIURES

COST PER .YEAR K$/YEAR
TUBE (Cn) (X) SOCKETS (S)

L3403 4.6 (K$) 1.09 74 1178

PW = 1178 (4.23) = 4981

5 years

10% interest

6% inflation

POTENTIAL (PW)
% FAILURE POTENTIAL YEARLY BREAK

RATE % COST OPERATION EVEN
IMPROVEMENT INCREASE COST K$/Year K$

0 0 4981 0

10 5 4707 274

10 10 4927 54

15 5 4446 535

15 10 4675 306

15 15 4888 93

20 10 4384 597

20 15 4572 409

20 20 4771 210

11
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Assuming the cost of money to be 10% per year and the inflation rate to be

6% per year, the calculation is as follows:

PW years 10% interest S (If) + 1 + (1+f)+ (++f 5

6% inflation1  (I + i) ((+i)+ S (i+i)

where S = annual cost of tube

i = interest rate (10%)

f = inflation rate (6%)

substituting for i and f above:

PW = S(4.23)

The present worth for each of the assumed improvements and increases is calculated

next.

nX= (i-I)x
. n

~Failures where X original failure rate in Far
year

= new failure rate

I = fractional improvement in failure rate

C = C (l-J)n

where C = original cost of tube (K$)

C = new cosr of tube
n

J = fractional increase in .ost

S annual cost = X x C x Nn n n s

where N = number of sockets
S

Therefore, PWn Sn (4.23) = The cost of operating the improved tube for 5 years

assuming 6% inflation and 10% interest.

Ranges of feasible improvement in failure rate and increase in cost should

be estimated by personnel familiar with the manufacturing process. Calculations

may then be made to investigqte the sensitivity of the savings which may result
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from research. For the final decision on research expenditures, engineering

judgement should be used to weigh the possible benefits and consequences.

3. Summary

The tubes were ranked (in decreasing order) by each of the eight parameters.

No two have exactly the same order of tubes. This ste's from the nature of the

parameters.

The ranking by cost per socket per million hours indicates the merit of

the indivf.dual tube-s from a cost effectiveness of reliability standpoint. The

ranking order changes, however, when total cost per hour is considered. This is

due to the different number of sockets in the field for the different tube types.

The total cost is not as significant from a reliability standpoint; however, it

is important to the economist, who wants to minimize total cost.

The cost/socket/KW/hour is important from an efficiency standpoint, Low

power tubes have lower cost, but not necessarily in proportion to the power.

Applying the number of sockets to get the total cost again changes the order of

ranking.

C. UTILITY

If the operating schedule is constant, total cost per year seems to be

the most significant parameter. The largest expected cost reduction would

result from improving the reliability of the tubes ranked in descending order

by this parameter.

The range of improvement possible should be estimated for each tube. The

cost associated with each improvement must also be estimated. Usf.rg these

estimates, economic analyses should be performed to deter ,ine if research is

worthwhile, and how much can be spent for research to achieve the improvement.
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Rankings by other parameters are included and may be helpful for planning

purposes. If operatiiig schedule changes are anticipated, the ranking by cost

per socket should be consulted. Where possible, the operating schedule should

increase usage of tubes low on the list and decrease usage of tubes high on the

list. If power requirements are subject to change, the ranking by cost per

socket per kilowatt should be used. This ranking indicates the tubeg which are

most cost effective in terms of power. The ranking by cost per socket per

hour is an indication of the relative merits of the tubes with respect to

reliability.

Cost of changes may be estimated by calculating the new failure rate in

(failures/year). This may be done by mltiplying the failure rate by the

projected operaring schedule. Using the ni;i failure rate, the cost of the

project change may be compared with the existi-g cost.

The decision to invest in research on reliability irprovement should be

based on the potential payoff of th- research. In each case the best estimates

of potential improvement available should be used to determine the possible

payoff.
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APPENDIX

This appendix contains reliability function plots for the tubes studied

during the program. Each curve is a plot of the following reliability

function:

R(t) - e-X

where t -time

A - failure rate

List of Figures

Tube Class Figure Page

Klystron A-i --A-38 125-162
Traveling Wave Tub,, A-39--A-55 163-179
Magne troni A-56--A-82 180-206
Twystron A-83--A-86 207-210
Gridded Tube A--87--A--89 211-21.3
Ampl itron A-90 214
CFA A-91--A-92 215-216

124



0-44

44

to4

000

040

z120



'0

-44

00

I

~- -1

(I)126



00

cn

C,14

1-44

120



-4

01
-4

1-44

'-.42

>4-

00

000

128.



Cd"

0
0 C'

000

-N co

z ~129



000

000

130



'0
C144

40
E-4

00

Lzc 0

-131



__

'0

-4

'-4

C\I
-J

-4

'-4

4-4

0
-4

0

I-. -~u~ '0 4-
>~ -4
-~ -4
2 0

H 0
- 0
< '-4
0.. '-

0
o w
0
o
U,

-4:

-4
~L.

_______________________________

7 0 '0 -~ N

-I

-S

~ 32

t N '.4'. -



E'-

-:24

I

LZ-4

4-09

13



-13



I -4

z II
F-44

JJ

C1e



~~r.

cc

17-

000

13



0.
c-a

'-4

r-44

00
IL-4

'-44

'-4

i-I 137



10

-4

IL
ccN
< 04

C)C

>13



-4

-4

-4

4-,

0
-4

-4

0
0
0
-4

z
o

II

o ~ '.0
0
0
0

II*%
-4

ia

C',
1-4

I
I o -#

-4

I-i
S.d

139



v-

el

C

-c 0
<0

z

o w

I •

-M ,

om

0 c

°C

' 5"0

cJ

i, 140



'I

,--4

00

--

II -- I -II

o C)
¢ 141



C11

04

r

0. 00

0

4 -1

cicz

-t4



CC
C-

44

-14



>4-

00

C 4

14~0

o

0

0

0
N

F,.4

iN

2 N

,i 144



-4i

-4

-4

00

L-4

L(j)

000

-4

145



'0

+
.4

('4
'-4

Li 

0
e-4

6-'
4-4

4-4 
S-i

-
0-, 
0~L)

o 
0)
2(/) ~ 

6-'

'~ 
'0

0
0
C)

-4.

(N
(..J
I 

-$

0

('4

0 '0

'-4

4.3

146



'-4

N
'-4

0
-4

z

F-
-4

'-4

0
coo 0

-4

z a)
0

F- a' F-
cj~

Ii

0~

0
0
0

C-)

"'4
-:2.

I~z4

I-.'

N

p . p -
0 '0 N

:147

hi



L~ ~--.--

*

U
V

(N
-4

0
-4

'-4
-J
'-4

0I
'-4 LI

0
0z 0o ~ ~

~ 0~~

(I,
>' ri E

0
0o '0
C~)

C',

N

4:

I-C

(N

O 03

- * * -* C..'

-4
4,

'C.-

148



. co4,,,,

0 "-J

II

CC

tf-

IC

AA

C!C

14



I-4

(N

0

10

E-

000
000

z"c

o NJ a.

-'I~
00

04

r-4

150

!i



- r-4

I

0-4

a 00 0EI

O N

II

5 L
r-

,C.

-- 4

" . . .. I . .. ... . . . ..... J I 1 1 i



0

4

15

0'
0 0 - ;

*.

00

I-.,..

452

I - - l J . ' . .. I . . . . - _L I I I II F -_ I I I : . . . . . II I I I _ I -



r.,4

ii

00

(r,

000

co c

N

P-4

153



'0

'-4

I
I

U,
0 -J
-I

0
0
0
'-4o

'~ -~
~-' 0'
C12 -~ S

".4
~ Ii

co

Co
C',

0

'-I

0 Co
-4 * N

JJ

154



I -4

• O

oo

Li--

-J¢-

4-.-

, (NI

0 ml II I III i0 m i/-~l n ( N , . .. . .

J-I



U-4

LA4

4 -4

41 1

I156



00

-C4

(I)
enC

I -k

1157



4.

N

-4

.,

,-4

o N
Is

U) ()

,01 0,

22

k-4

,C.'

0 ?

• -•4

i4.

15



Li

00

a .

II

C-)

fL a c

CC-

o -o.1 -j c-
' II -4

v-

el ",,,5-

u15

_ _ _ _ _ _ _ _ _



4

II
"44

00J

-I-

160

AilC



IV-

i C-S

V) ON

~c E

U)161



IS-

a-4

-44

ifil

:z

0

o -o

o '162



04

Ln4

,-,"

0

C144

144

go-

UC)

-Go

L163

0

-~

C

IJ -



-4

-~
-4

-4

'-4

'-4

0

0
0

-~ 0
cc '-4z cc cc

-4
'- I,

C
".4
F-

F-

'C
-4

'0
7.

0

*
F.-'

N

A
I

o cc
-4

4-I

164



'0
-4

J-J
44~4

c.'J
-4 -4

4-4

'-4

L~J

0
-4

-4

z LA
'-4 '.0 *4~4

-~ -4 (J~I 1..
0

C.

0
0

C."
'.0

-4

N
Cz~

£

0 .00 '0 N
I I 4

-4

I.

4.'
.4-

165

U ~-,------.-- -

-4



CN

04

-A-

00 cli

4 166



~
-4

-4

-4

C

Ti
C 1~.
0'. CC

II C
- C
~ -< C

-4

r2

r-~.

C-..

2 '.0

J-J
4-

167

A, ___________



II
00

116



1-

.,-.:

-4.-

CN

to

4.- 0
( 0 -.4

i - II

>

I-I

Ln0

44

LA

1-

rz9

169



'0
-4

-.4

'-a
C')

4-4

-3

~zJ
03

0
-4

-4
4-3

ii 0
-~ 0

4-
0
-4

03

0"
0--3

'0

* '0

4-4
~x.

C.)

I

-. 4
4-i

4-

.170

.4- -



1-44

1-4

4-4q

C C

17



'fir4

NO

4f)4

1-44

0W

17



000

1-44

C-,l

000

-4173



'-4

w
t7

Le-C

1-,4 It

CIS

1-,4

1174

f~z,,

II

, 0
0|O

(.~ L?7

z e



Cr4

-4

-ST

LaO4

275



-4

-4

4J -

-4

Ol

0 0

-I

176

17co

3 -}



C11

-44

a C0

ca

>0

1770

i0

-=-

'-=4

0'0

U,

II
7a

. 177

Ap



CYC

C-4

1787



L'Ii
a 00

-4

cer

iR54

:3 09



U4

JJ0

C

- 41

180



00

TX-4

0:0

-18



00

C)

M44

00
-4 4

if
00 0

o~IN

N(

*4~~ ,,

f* 4

' 182 "



CNN
E-4

'-.4

'-183

AOo



0.

C44

z

f~-4

CNC

CrC

000
'~ I- cc

C42

(184



'00

ic

-4

k-4

NO
I' -

to: f4c

-(-4 185



14

Cd4
'-'

0

z

00

-18



10

czl,

C14
00

4-4 -D

It 4

znoD - ~

Cl

E- 'A

187



L-4

Ln co

c-4

'-C4

-~ 188



H %0

F- 

OD4

4L

1-44

1 R9



04
JOD

I-IT

100

4 4

'I

gz

, 100
t '



I

[ "0

C3

4-4

<19-

L L)

,4-

! ,,

9i19



-4

1-44

000

4.44

2192



t
A

'-4

-4

-J

z
0

4:

-~ -o
A 4:

~-4 .~t
w ~O

C

II 0
-S S.-

'~' :-

0

z
C.,

-At
cc
a'
r-.
cc

a'
'0

4:

-J

C,
-4
tz.

I;
0 '0 C'J

-I

U

193



r-4

-4

.j-

0 C

-44

zl

u194



0-44

1-04

Oo

-4

-4

00 0

oo

000

195-



1-

i0

C4C

CN)

Aii

t Illl

tt



00

In.

ce.

CC

1.-

000

-44

19



-4

4-i

>.. -4
4-4

-4

'-4

w

'-4

0

I-

w

0

-

x
0

< 0
~ 0 co

CN

I.4
w -<
~

0
0

0 0
-4

* Li.

(ii

* r-.

0
.1.

* Li,

'-S

I-f

C~~4

I
o -~ c-Si

-4

4-i
5-

198

~ -

-I



1-44

00
I-

o A C

C4

z0 -T E

F-1
0C

-19



04 -0

4

C4

20

o 0

* -4

,

" 0

'0 -1

210



c-i

'-4

1-4

IL

zz

000

ON N 00

042

w '0

2011



4J 
~ '-=.-,r--.>-

1-44

AL-

-44

200

Jo_



'0

-4

(N.

4.-.

C

C

z
C.,

0~
,-' -. cfl

a~.
L. t(N

< '-4

0
C
0

~

'.0 2
I-.
(~)

z

'0
-~

1~-

* -.-. N0

11 . . .

o a, %0 ~ N

-4

'-I

203
-~

A -A.



F4-

0 C)

rz

C

C-N

-~204



00

-cr,

-3 -4

-4

000

CC

JI-I

200



0'

t4-4

n NN

206

o -4
0

0

N0

rr4

IQ)

,.f.

2060



0-44

14-

w U

I-~

- C4

CD 00 -1

207



03.

00~

ClC

2080



ONN

000

'-I

020



00

zz

000

000

C-4

-:210



II
-14

en4

1v

a 00

on4

00

000
I~ IT

P-44

I..

211-

<)

I-I



a --

1-44

I0!
it4

C4I

000

.4-

212



ChC

-

-

_21
v-

H C-4

~ 0a

...,, 0

.9.

g I

H -<,

' o " 24



0

,--

41,,,'

0" e 0

ao4

'-4i

ce

214
212



1-4

IC'

r-4

4

F-4 c

1-4

cn c'

I'

b4

Uv

C-,

-41

~21



C14

-4

U),

CNC

a)

o1 -<4

00

C216


